Segmented polyurethanes (SPUs) are widely used in biomedical field such as cardiovascular catheters, diaphragms of artificial hearts because they have flexible but tough mechanical properties. However, their antithrombogenicity under blood contacting conditions are not sufficient to prevent clot formation for long term. For preparing small-diameter vascular grafts, it is necessary to obtain both antithrombogenic and biocompatible surface. In this study, poly(2-methacryloyloxyethyl phosphorylcholine-block-2-ethylhexyl methacrylate) (B-PMEH), which has an affinity with SPU on a molecular level was synthesized by reversible addition-fragmentation chain transfer (RAFT) polymerization method. The B-PMEH was blended for preparing a SPU/B-PMEH polymer alloy membrane (SB film). This film drastically lowered the amount of absorbed fibrinogen and platelet adhesion compared to that on SPU without any adverse effect on the mechanical property of the SPU when B-PMEH was highly concentrated at the surface of the SB film. This means that the poly(MPC) segments in the B-PMEH improved the antithrombogenicity of the SPU. We succeeded in preparing a novel polymer alloy that possesses both the good mechanical property and the improved antithrombogenicity.
INTRODUCTION
Segmented polyurethanes (SPUs) are widely used as biomedical materials such as cardiovascular catheters, diaphragms of artificial hearts because they have good mechanical properties and very high flexural endurance characteristics in comparison to other elastomers [1] . However, their antithrombogenic properties are clinically unacceptable for their use in reconstructing small-diameter vascular grafts (ie, inner diameter of 5 mm), because SPUs are foreign bodies and thrombosis can occur on the luminal surface, resulting in occulusion. For small-diameter vascular grafts, it is necessary to obtain nonbiofouling and antithrombogenic surface without affecting the bulk properties of SPUs.
We have investigated the preparation and evaluation of phospholipid polymers as novel biomaterials [2, 3] . The phospholipid polymers contain the 2-methacryloyloxyethyl phosphorylcholine (MPC) units. The MPC has a phosphorylcholine group originating from phospholipids in the side chain, and the methacrylate in the main chain enables easy copolymerization with various monomers. The MPC polymers inhibited protein adsorption and cell adhesion even when they contacted human whole blood without an anticoagulant [4] [5] [6] . In our previous reports, the MPC polymer, poly(MPC-co-2-ethylhexyl methacrylate) (PMEH), which have an affinity with SPU on a molecular level were blended into the SPU to produce the SPU/MPC polymer blend, and this polymer blend membrane showed comparatively good blood-compatibility [7] [8] [9] . But, these reports showed that the MPC units of PMEH, which do not have an affinity to the SPU aggregate in the inside of the SPU networks and cause a phase separation in the SPU/MPC polymer blend. The biocompatibility of the MPC units in the inside of the SPU network does not function. Worse yet, the addition of PMEH into the SPU affects the mechanical properties of the SPU because the MPC units of PMEH aggregate in the SPU networks and destroy hydrogen bonding of hard segments of the SPU [10] . Thus, to improve the blood-compatibility of the SPU/MPC polymer alloy without affecting the bulk properties of the SPU, it is necessary to control the compatibility and phase separation between the SPU and PMEH. In this study, we synthesized PMEH as a well-defined diblock copolymer by reversible addition-fragmentation chain transfer (RAFT) controlled radical polymerization method and prepared the SPU/B-PMEH polymer alloy film (SB film) by the solvent evaporation method. We could control molecular chain orientation to use the amphiphilic block copolymers and could concentrate poly (MPC) segments, which have excellent biocompatibility at the intended surface by two-step solvent evaporation method. In this report, blood-compatibility, mechanical properties and surface properties of the SB film were investigated. [2] . CPD was synthesized according to the method reported by McCormick and co-workers [11] . The mixture was degassed by purging with argon gas for 30 min. Polymerization was carried out at 65 for 17 h. The reaction mixture was dialyzed against pure water for 3 days. The polymer was recovered by freeze-drying. The obtained MPC homopolymer (PMPC) could be used as a macro RAFT agent to prepare block-type copolymer.
Block copolymerization of MPC and EHMA
Block-type phospholipid polymer (B-PMEH) ( Fig. 1 ) was synthesized as follows. PMPC as a macro RAFT agent, 2-ethylhexyl methacrylate (EHMA) and AIBN as an initiator was dissolved in a CH 2 Cl 2 /EtOH (7/3 by weight) mixed solution. EHMA was purchased from Kanto Chemical (Tokyo, Japan) and purified under reduced pressure (bp 56 /1.0 mmHg). The mixture was degassed by purging with argon gas for 30 min. Polymerization was carried out at 65 for 18 h. Synthesized B-PMEH in the reaction mixture was purified using a reprecipitation technique. That is, the polymerization solution was dropwise added to put into a large excess of acetone. The precipitated B-PMEH was collected and dried. The structure of the B-PMEH was confirmed by 1 H-NMR (JNM300, JEOL Co., Ltd., Tokyo, Japan), and Fourier-transform infrared (FT-IR; FT-IR615, Jasco, Tokyo, Japan) spectroscopy.
Preparation of SPU/B-PMEH polymer alloy membrane
SPU/B-PMEH polymer alloy membrane (SB film) was prepared by two-step solvent evaporation method as follows. B-PMEH 1.0 wt% solution in a CH 2 Cl 2 /EtOH mixture (7/3 by weight) was cast on a glass dish and was kept for 1 h at 40°C to evaporate the solvent. Then 1.0 wt% chloroform solution of SPU (Tecoflex ® 60, Thermedics) ( Fig.2) was cast on the glass dish and was kept for 1 day at 40ºC to evaporate the solvent. Tecoflex ® 60 was purified by reprecipitation to remove any low-molecular weight stabilizers and impurities. The SB film on the dish was then carefully peeled off in the distilled water. The thickness of SB film was controlled by the amount of chloroform solution of SPU. A membrane of only SPU (SPU film) was also prepared by evaporation method as well.
Surface characterization of SB film
The surface elemental conditions of SB film were analyzed by X-ray photoelectron spectroscopy (XPS; AXIS-His; Shimadzu/Kratos, Kyoto, Japan) and by FT-IR spectroscopy with attenuated total reflection (ATR) equipment (ATR/FT-IR).
Protein adsorption test
To evaluate the amount of protein adsorption on the surface, 15-mm diameter films were immersed in phosphate buffered solution (PBS) to equilibrate the film surface for 1 day and then contacted with 3.0 mg/mL fibrinogen PBS solution for 3 h at 37ºC. After the films were rinsed with PBS, the remaining fibrinogen adsorbed on the surfaces was removed with a 1 wt% aqueous solution of sodium dodecylsulfate (SDS). The amount of fibrinogen in the SDS solution was determined by the micro-BCA ® method using a clinical test kit (micro BCA protein assay reagent kit, #23235, Pierce, Rockford, IL, USA).
Evaluation of blood-cell adhesion
15-mm diameter films were immersed in phosphate buffered solution (PBS) to equilibrate the film surface for 1 day and then contacted with human whole blood 1 h at 37ºC. After the films were rinsed with PBS, 2.5 wt% glutaraldehyde in PBS was poured and the films were maintained at 4ºC for 15 h to fix the blood components on the surface. After rinsing sufficiently with distilled water, the film was freeze-dried. The surface of the film was observed with a scanning electron microscope (SEM; SM-200 Scanning Microscope, Topcon Co, Tokyo, Japan).
Tensile strength test
The tensile strength measurements were carried out using STA-1150 (ORIENTEC, Tokyo, Japan). The samples were cut into a dog bone shape (the size was 12.5 mm x 2.5 mm). The crosshead speed was 10 mm/min.
Elution test of B-PMEH under dynamic condition
Stability of B-PMEH under dynamic condition is important when the SB film is applied for reconstructing vascular grafts. So stability of B-PMEH under dynamic condition was investigated as follows. Repeated stress loading was performed with a loading device as shown in Fig. 3 . The films were cut in rectangles (40 mm x 6.0 mm x 0.20 mm) and fixed on the device. They were loaded with a 15% strain at 1 Hz for 3 h (5.4 x 10 3 cycles) at room temperature in 1 mL distilled water. The glass-side surface of SB film contacted distilled water when fixed on the device. The amount of eluted from B-PMEH was determined by phosphorus analysis. 
RESULTS AND DISCUSSIONS
In this study, we used B-PMEH as a biocompatible polymer to produce a polymer alloy with SPU as a polymer having good mechanical property. It is very important to control compatibility and phase separation between SPU and MPC polymers when making polymer alloys [10] because the MPC polymer does not have a strong affinity with SPU. The B-PMEH is an amphiphilic block copolymer, which has two different segments. One is the poly(MPC) segments, which have excellent functions to resist protein adsorption [2, 3] and effectively suppress the denaturation of biomolecules [12] . The other is the poly(EHMA) segments, which have a strong affinity with SPU and effectively entangled with the soft segments of SPU. The poly(EHMA) segments have a function to anchor B-PMEH firmly to a bulk material SPU.
RAFT polymerization of B-PMEH
We performed homopolymerization of MPC by RAFT polymerization using CPD. Then the RAFT polymerization of EHMA was carried out using PMPC as a macro RAFT agent. Molecular weight distribution (Mw/Mn) of synthesized PMPC was 1.2, which indicated that RAFT polymerization was succeeded [13] . The result of the polymerization of B-PMEH was summarized in Table 1 . The MPC unit mole fraction in the B-PMEH was 0.32 determined by 1 H-NMR. The B-PMEH was soluble in a mixture of CH 2 Cl 2 /EtOH (7/3 by weight) but swollen methanol, ethanol and chloroform.
Properties of SB film
The SB film was transparent and the phase separations of SPU and B-PMEH in the film were not observed. The SB film prepared by two-step solvent evaporation method had two different surfaces. One is a surface which contact air when making the film (air-side), the other is a surface which contact glass dish (glass-side). The ATR/FT-IR results are shown in Fig. 4 . The spectrum of the SB film at the air-side was same as that of the SPU film without the B-PMEH. On the other hand, the spectrum of the SB film at the glass-side was almost same as that of the B-PMEH. This shows that the B-PMEH is highly concentrated at the glass-side surface of the film. The result of the XPS measurement agreed the result of the ATR/FT-IR measurement. The XPS charts of SPU and SB film are shown in Fig. 5 . On the surface of SPU film and air-side surface of SB film, the XPS signals attributed to the nitrogen in the urethane bond were observed at 399 eV. On the other hand, on the glass-side surface of SB film, the XPS signals attributed to the nitrogen and the phosphorus in the choline group in the MPC unit were observed at 402 eV and 133 eV respectively in addition to the signal of nitrogen in the urethane bond. These signals were not observed at the air-side surface and the SPU film. To evaluate the molecular orientation of B-PMEH, the phosphorus atom concentration divided by the carbon atom concentration (P/C) were calculated with the intensity of the signal ratios at the glass surface coated with B-PMEH, that is the first-step surface when preparing of SB film. Poly(MPC-co-EHMA) random polymer (R-PMRH) was used as a control polymer of B-PMEH. R-PMEH was synthesized by conventional radical copolymerization of the corresponding monomers in EtOH using AIBN as the initiator [14] . MPC/EHMA mole fraction of R-PMEH was same with that of B-PMEH. The results are shown in Fig. 6 . The P/C value of the surface coated with B-PMEH was lower than that of the surface coated with R-PMEH. This result showed that the poly(MPC) segments of the B-PMEH highly oriented the glass surface because the phosphorylcholine groups in the MPC units had a strong affinity with the hydrophilic glass. On the other hand, the poly(EHMA) segments oriented the other side, which contacted hydrophobic air. Moreover, the P/C value of the glass-side surface of SB film was 15 x 10 -3 (the take-off angle of the photoelectron 15
, which is higher than that of the glass surface coated with B-PMEH. These results showed that molecular orientation of B-PMEH was controlled.
Antithrombogenicity evaluation of SB film
The fibrinogen adsorption at the surface was evaluated by micro-BCA method. The amounts of adsorbed fibrinogen are shown in Fig 7. The amount of adsorbed fibrinogen on the glass-side surface of the SB film from fibrinogen solution reduced significantly compared with that on the air-side of the SB film and SPU film. SEM pictures of SPU and SB film (glass-side) after contact with human whole blood for 1 h at 37ºC were shown in Fig. 8 . On the surface of the SPU film, many platelets adhered. However, on the glass-side surface of SB film, adhesion of blood cells was drastically suppressed. These results indicated that the poly(MPC) segments of the glass-side of the SB film effectively suppressed the fibrinogen adsorption, which plays an important role for platelet adhesion.
Mechanical properties of the SB film
The tensile strength measurement was performed to determine the mechanical properties of SPU film and SB film. The tensile strength measurement showed that the SPU film and the SB film had the completely same mechanical property (shown in Fig. 9 ). The Young's modulus of these films was about 50 MPa. This result indicated that the B-PMEH of SB film did not affect the mechanical property of the SPU at all.
Elution properties under dynamic condition
The amount of B-PMEH eluted from the SB film under dynamic condition was determined by phosphorus analysis. Elution of B-PMEH from the SB film was not detected. No B-PMEH concentrated at the glass-side surface leached out from the SB film. This result and the XPS measurement showed the poly(EHMA) segments were tightly entangled with soft segments of SPU. In contrast, R-PMEH simply coated on SPU film was easily eluted. B-PMEH of SB film was more stable than simply coated MPC polymer against kinetic load. 
CONCLUSION
Diblock copolymer of MPC and EHMA was synthesized by RAFT polymerization. We could succeed in making a new polymer alloy having the bulk properties of SPU and the surface blood-compatibility of the MPC units. The poly(MPC) segments were highly concentrated and oriented at the glass-side surface of SB film, so this surface could inhibit the fibrinogen adsorption and platelets adhesion. This is because we could control the molecular orientation of B-PMEH and control the compatibility and phase separation between B-PMEH and SPU. We concluded that the SPU/B-PMEH polymer alloy is a promising material for improving the antithrombogenicity of the SPU. It is expected that the SPU/B-PMEH polymer alloy will be applied for blood contacting medical devices.
